Abstract. Annual and seasonal variations in the lowlatitude topside ionosphere are investigated using observations made by the Hinotori satellite and the Sheeld University Plasmasphere Ionosphere Model (SUPIM). The observed electron densities at 600 km altitude show a strong annual anomaly at all longitudes. The average electron densities of conjugate latitudes within the latitude range AE25 are higher at the December solstice than at the June solstice by about 100% during daytime and 30% during night-time. Model calculations show that the annual variations in the neutral gas densities play important roles. The model values obtained from calculations with inputs for the neutral densities obtained from MSIS86 reproduce the general behaviour of the observed annual anomaly. However, the dierences in the modelled electron densities at the two solstices are only about 30% of that seen in the observed values. The model calculations suggest that while the dierences between the solstice values of neutral wind, resulting from the coupling of the neutral gas and plasma, may also make a signi®cant contribution to the daytime annual anomaly, the E Â B drift velocity may slightly weaken the annual anomaly during daytime and strengthen the anomaly during the post-sunset period. It is suggested that energy sources, other than those arising from the 6% dierence in the solar EUV¯uxes at the two solstices due to the change in the Sun-Earth distance, may contribute to the annual anomaly. Observations show strong seasonal variations at the solstices, with the electron density at 600 km altitude being higher in the summer hemisphere than in the winter hemisphere, contrary to the behaviour in NmF2. Model calculations con®rm that the seasonal behaviour results from eects caused by transequatorial component of the neutral wind in the direction summer hemisphere to winter hemisphere.
Introduction
Yearly variations of the Earth's ionosphere can be represented by a superposition of annual, seasonal and semi-annual components and the yearly average. While the cycle of the semi-annual component is 6 months, the cycles of both the annual and seasonal components are 12 months. The dierence between the annual and seasonal components is that the annual component has the same phase in both hemispheres whilst the seasonal components of each hemisphere are 6 months out of phase. Both the annual and seasonal components have their maxima and minima around the June and December solstices.
It was found by Yonezawa (1959) , from averages of observations made at conjugate stations, that the F2-layer peak electron density (NmF2) at the December solstice exceeds that at the June solstice by around 20%. This feature of the annual component is known as the annual anomaly. Yonezawa (1971) extended his earlier work by examining the latitudinal and solar cycle dependencies. His results showed that, in general, the relative amplitude of the annual component in NmF2 decreases slowly with increasing latitude and solar activity during daytime and is smaller at night compared to daytime. The seasonal component in the F region is characterized by the winter anomaly, i.e. NmF2 is higher in winter than in summer (Rishbeth and Setty, 1961) . Using data from 140 stations, Torr and Torr (1973) have investigated the dierences in NmF2 between the December and June solstices; the annual and seasonal components were not separated. Torr and Torr found NmF2 to be, in general, higher in winter than in summer in both the northern and southern hemispheres and that the dierences in NmF2 at the two solstices are stronger in the northern hemisphere than in the southern hemisphere; the dierences are small at equatorial latitudes. These results imply that there are winter and annual anomalies in NmF2 and that the seasonal anomaly predominates over the annual anomaly at most locations. Titheridge and Buonsanto (1983) have compared the values of total electron content (TEC) measured at conjugate sites at AE20 latitude and non-conjugate sites near AE35 latitude. They found that TEC is larger around the December solstice than around the June solstice in both the northern and southern hemispheres. This result suggests that, for TEC, the annual anomaly predominates over the seasonal anomaly.
The winter anomaly has been explained successfully by changes in thermospheric composition, the atomic/ molecular ratio in winter is higher than in summer (e.g. Rishbeth and Setty, 1961; RuÈ ster and King, 1973) , and from global thermospheric circulation (e.g. Millward et al., 1996a) . The annual anomaly is dependent upon many parameters. The annual and seasonal variations of the topside ionosphere have yet to be investigated in detail. Observational evidence indicates that the behaviour in the topside ionosphere is rather dierent to that in the F region. For example, there is no winter anomaly in the topside ionosphere whereas there is in the F region (e.g. Torr and Torr, 1973) .
In the present study, data collected from more than 600 orbits of the Hinotori satellite have been used to investigate the global behaviour of the annual and seasonal variations in the topside ionosphere at low latitudes. The annual and seasonal components are determined by comparing observations made at both solstices at conjugate locations. An analysis of the observations shows that there is a very large annual component in the topside ionosphere; the global average electron density during daytime at 600 km altitude at the December solstice being 100% higher than that at the June solstice. This result is contrary to expectations, since the dierence in the solar EUV¯ux between the December and June solstices, due to the changes in the Sun-Earth distance, is only about 6%. Suggested source mechanisms for the annual and seasonal variations in the topside ionosphere at low latitudes are investigated by using SUPIM (Sheeld University plasmasphere ionosphere model) (Bailey and Sellek, 1990; Bailey et al., 1993 Bailey et al., , 1997 .
Observations
The Hinotori satellite was launched into a near-circular orbit at 600 km altitude with an inclination of 31 in February 1981 and it operated until June 1982. The orbital duration of the satellite was about 90 min. Since the memory of the recorder onboard the satellite was limited, only data from about one orbit could be stored at any one time. The data were transmitted to the data acquisition station at the Kagoshima Space Centre (KSC, 131 E) before the satellite passed the station. Thus, data were transmitted only from those orbits which passed KSC, i.e. from 4 to 6 orbits per day (Watanabe and Oya, 1986) . The electron density was measured by an impedance probe in an upper resonance mode (Watanabe and Oya, 1986) . The relative error of the electron density measurements is about 10%. The electron density data used in the present study were made during the 1981 June solstice period and during the 1981±1982 December solstice period on days when ep 30. The solstice periods are de®ned by the two 91 days centred on the June and December solstices. This criterion was satis®ed on 67 days and 327 orbits for the June solstice period and on 58 days and 313 orbits for the December solstice period. The average value of F10.7 for the selected days was 178 for the June solstice period and 189 for the December solstice period; the dierence in F10.7 between the two solstice periods is 6%. For each solstice period, the data were averaged into bins of 1 h in local time and 5 in magnetic latitude. The results are shown in Fig. 1a±c .
It can be seen from Fig. 1a±c that there is a superposition of the annual and seasonal components in the dierences of the average electron density for the two solstice periods. For each period, the average electron density at 600 km altitude is higher in the summer hemisphere (northern hemisphere for the June solstice and southern hemisphere for the December solstice) than in the winter hemisphere. This feature is contrary to the behaviour of the winter anomaly in the F region. Around local noon, the asymmetries in the electron density with respect to the magnetic equator are stronger at the December solstice than at the June solstice. Because of the existence of a large annual component, the electron densities in the southern hemisphere are much higher during summer (December solstice) than during winter (June solstice). In the northern hemisphere, on the other hand, the electron densities during summer (June solstice) are slightly higher at the higher latitudes or lower at all latitudes. At the magnetic equator, the electron density at the December solstice is about a factor of 2 greater than that at the June solstice.
To give a quantitative description of the annual anomaly, the electron densities shown in Fig. 1 have been averaged for conjugate locations at 5 intervals for each solstice; the purpose of taking averages is to remove seasonal eects. The diurnal variations of the electron densities at the equator and the values averaged for latitudes AE5 , AE10 , AE15 , AE20 and AE25 are shown in Fig. 2 . It can be seen from Fig. 2 that during daytime the average electron densities are much higher at the December solstice than at the June solstice. For each of the latitudes under consideration, the daytime values of electron density at the December solstice are higher than at the June solstice by about 5 Â 10 5 cm À3 , i.e. higher by between 70 and 175%. There is an evening enhancement at the December solstice. Thus, as the evening enhancement is absent at the June solstice, the annual anomaly is still strong after sunset. The annual anomaly becomes smaller during the post-sunset period. The dierences in electron density are smallest, by about 5 Â 10 4 cm À3 , i.e. 30% on average, during the postmidnight period.
To investigate the longitudinal eects, we have separated the data into six longitude sectors and calculated the latitudinal variations of the average daytime (12:00±18:00 LT) and night-time (01:00±06:00 LT) electron densities. It can be seen from Fig. 1 that within each time-period the latitude pro®les vary little with time. The choice of longitudes for each longitude sector are based on the con®guration of the geomagnetic ®eld, see Su et al. (1996) for details. The latitudinal coverage of the data is incomplete in some longitude sectors owing to the operating mode of the satellite. , AE15 , AE20 and AE25 , for June solstice (solid curves) and December solstice (dashed curves)
indicates that the annual anomaly and the seasonal variations shown in Fig. 1 have global behaviour.
Model calculations and results
The model used for the present study is SUPIM, the Sheeld University Plasmasphere Ionosphere Model (Bailey and Sellek, 1990; Bailey et al., 1993 Bailey et al., , 1997 ). In the model, coupled time-dependent equations of continuity, momentum and energy balance for the O , H , He , N 2 , O 2 and NO ions and the electrons are solved along closed magnetic ®eld lines for the ion and electron densities, ®eld-aligned velocities and temperatures. In the version of the model used for the present study, the O ion is separated into its 4S, 2D and 2P states (Su et al., 1996) . Vibrationally excited N 2 is also included in the model. It is taken into account by modifying the chemical reaction rate for O with N 2 by the ®rst-order approximation described in Buonsanto (1995) and Su et al. (1997) . Neither of these two enhancements to SUPIM have signi®cant eects on the results of the present study. The solar extreme ultraviolet (EUV) uxes are obtained from the EUV94 model (Tobiska, private communication); a revised version of the EUV91 model (Tobiska, 1991) . The concentrations and temperatures of the neutral gases are obtained from the MSIS86 thermosphere model (Hedin, 1987) . Two neutral wind models are used in the study, the HWM90 thermospheric wind model (Hedin et al., 1991) and a model based on the observed values of electron density.
There is observational and theoretical evidence that the equatorial vertical E Â B drift velocity varies with altitude (Pingree and Fejer, 1987; Murphy and Heelis, 1986; Su et al., 1995) . This variation is taken into account in the model calculations by using two equatorial vertical drift velocity models, one for ®eld lines with apex altitude less than 400 km and a second for ®eld lines with apex altitude greater than 1800 km; linear interpolation is used for the ®eld lines with intermediate apex altitudes. Except for one set of calculations, carried out to study the eects of E Â B drift, the same drift velocity models have been used for both the December solstice and the June solstice. For the standard E Â B drift model, the drift used for the low apex-altitude ®eld lines is based on observations made by the Jicamarca radar (Fejer et al., 1991) and for the high apex-altitude ®eld lines on observations made by the Arecibo radar (Fejer, 1993) . Both sets of observations were made during the December solstice period. The longitudinal variations of the E Â B drift velocity are small (Fejer et al., 1995) and are not considered.
The model calculations have been carried out for magnetically quiet ep 5 conditions at the June (day 172) and December (day 356) solstices. The same values of F10.7 (177) and solar EUV¯uxes have been used in the model calculations for both solstices to avoid dierences in the model values that would arise through the eects of solar activity changes. As the observed values are averaged over all longitudes, an axial-centred dipole representation (which is independent of longitude) is used for the geomagnetic ®eld in the model calculations. The model calculations were carried out for several magnetic ®eld lines arranged to provide reasonable 24-h coverage of the model values at 600 km altitude within the speci®ed latitude region (AE25 ). For the present calculations, the apex altitudes of the ®eld lines, before the onset of E Â B drift, range from 150 to 5500 km. Details of the numerical procedure are provided in Bailey and Balan (1996) .
The modelled electron densities at 600 km altitude, for both the June and December solstices, from calculations which use the HWM90 neutral wind model and the standard E Â B drift model are shown in Fig. 4 by the solid and long-dashed curves, respectively. The use of the same drift model for both solstices removes the dierences that may arise from the use of dierent drifts.
We ®rst discuss the seasonal variations. The model results show for each solstice that the modelled electron densities at 600 km altitude are much higher in the summer hemisphere than in the winter hemisphere. This feature is caused by the neutral wind. The neutral wind has a strong transequatorial component blowing from the summer hemisphere to the winter hemisphere, i.e. a southward component at the June solstice and a northward component at the December solstice. Figure 5 shows the neutral wind pattern given by HWM90 for the June solstice used as model input. The transequatorial component of the neutral wind moves the F region downwards/upwards in the winter/summer hemisphere so that the electron density decreases/increases in the winter/summer hemisphere. The electron densities derived from the model calculations with zero neutral wind, results not shown, are almost symmetric about the magnetic equator.
The results obtained from the model when the neutral wind is given by HWM90 reproduce the observations that the electron density at 600 km altitude is higher in the summer hemisphere than in the winter hemisphere at both the December and June solstices. However, the asymmetries in the modelled values, with respect to the magnetic equator, are much stronger than shown by the observations. This result suggests that the transequatorial components of the neutral wind in the direction summer hemisphere to winter hemisphere, as predicted by HWM90, are too large. To improve the agreement between the modelled and observed values, model calculations have been carried out using a revised neutral wind model. In the revised wind model, the wind components that blow from the summer hemisphere to the winter hemisphere (southward component in June solstice and northward component in December solstice), as given by HWM90, are reduced by 30 m s À1 between 08:00 LT and 13:00 LT and by 15 m s À1 at other local times. The results obtained for each of the two solstices from calculations that use the revised winds are also displayed in Fig. 4 . It can be seen that the reduction in the summer-hemisphere to winter-hemisphere components of the neutral wind results in smaller asymmetries in the electron density at 600 km altitude. These modelled values are in better agreement with the observations. The model results suggest, for the solstices, that a transequatorial wind blowing from the summer hemisphere to the winter hemisphere is responsible for the electron densities at 600 km altitude being higher in the summer hemisphere than in the winter hemisphere and that the transequatorial component of the wind given by HWM90 is too large. These suggestions are in accordance with the suggestions made in our previous study (Su et al., 1995) . The fact that the asymmetries in the observed electron densities around local noon (see Fig. 1 ) are stronger at the December solstice than at the June solstice indicates that the wind component blowing from the summer hemisphere to the winter hemisphere is stronger at the December solstice than at the June solstice. Our model results do not support the suggestion of Torr and Torr (1973) that the higher electron densities in the summer topside ionosphere, compared to winter, is due to the scale height being larger as a result of the plasma temperature being higher in summer. In fact, both the observed and modelled values (Su et al., 1995) show that the electron temperature is lower in the summer hemisphere than in the winter hemisphere. It can be seen from Fig. 4 that, for both wind models, there is an annual component in the modelled electron densities with higher values at the December solstice.
For the remainder of this section we concentrate our attention on the results obtained from the calculations that have used the revised neutral wind model, since the model results for the revised neutral wind model are in better agreement with observations than the results for the HWM90 wind model.
The diurnal variations of the electron densities at the equator and the averages of the values at the conjugate latitudes AE5
, AE10 , AE15 , AE20 and AE25 , from calculations that use the revised neutral wind model, are displayed in Fig. 6 . This ®gure shows that for each of the latitudes under consideration, the average densities are higher at the December solstice than at the June solstice and that the dierences are larger during daytime than during night-time; this feature is in accordance with the observations shown in Fig. 2 . However, the magnitude of the annual anomaly seen in the modelled values is much smaller than that seen in the observations; the modelled daytime dierence in the electron density at the two solstices is about 30%, but the dierence in the observed values is about 100%. The neutral wind is not responsible for the annual anomaly, as the model results from calculations with zero neutral wind (®gure not shown) show percentage dierences in the electron densities of the two solstices to be similar to those shown in Fig. 6 .
We now investigate the eects of changes in neutral composition on the annual variation of the electron density at 600 km altitude. The diurnal variations of the average neutral gas densities for O, N 2 and O 2 over the 12:00 LT -18:00 LT 1:00 LT -6:00 LT To investigate the eects of the neutral composition on the annual component in more detail, we have carried out two further sets of model calculations in which, except for the neutral densities, the model inputs are the same as those used to obtain the results for the short-dashed curves of Fig. 4 (December solstice with the revised neutral wind model). For the ®rst set of additional calculations, the MSIS86 values for the densities of O, N 2 and O 2 are multiplied by the factor 1.5, for the second set, only the density of O is multiplied by 1.5. As shown by Fig. 8 , the eect of increasing the densities of O, N 2 and O 2 by 50% is to increase the electron density by about 40%. On the other hand, a 50% increase in the O density alone gives rise to an increase in the electron density by about 60%. These results arise since (1) an increase in the density of O will increase the production rate of the ions, which, in turn, will increase the electron density, and (2) an increase in the densities of N 2 and O 2 will increase the loss rate of ions, which, in turn, will decrease the electron density. The model results show that, to reproduce the observations that the electron densities at 600 km are about 100% higher at the December solstice than at the June solstice, the dierences in the neutral gas densities between the two solstices should be more than 120% if both the atomic and molecular gas densities vary by the same percentage. However, if the atomic to molecular gas density ratio is higher at the December solstice than at the June solstice, a smaller dierence in total neutral gas densities between the two solstices is required to reproduce the observations. In fact, the values predicted by MSIS86 support our suggestion; MSIS86 predicts that the increase in density of the atomic gas, O, between the June and December solstices is larger than that of the molecular gases, N 2 and O 2 , see Fig. 7 .
The eects of the neutral wind and E Â B drift velocities on the annual anomaly are investigated by comparing the present results with those obtained from calculations in which the daytime (08:00±18:00 LT) poleward wind velocity and the upward E Â B drift velocity have been multiplied by the factor 2. The results from these sets of calculations are displayed in Fig. 9 . It is expected that the uncertainties in the average neutral wind and E Â B drift velocities are within a factor of 2. We have only changed the daytime values of the neutral wind and EÂB drift velocities because the annual anomaly is mainly a daytime phenomenon. By comparing the solid curves with the dashed curves in Fig. 9 it can be seen that the eect of doubling the daytime neutral wind is to reduce the electron density at 600 km; an increase in the poleward wind in both hemispheres depletes the topside ionosphere. The maximum reduction in electron density, which occurs in the afternoon sector when the polewind is strongest, is about 35%. The model results suggest that the annual anomaly might be caused by the daytime poleward neutral winds, in both hemispheres, being stronger at the June solstice than at the December solstice. The main eect of a factor of 2 increase in the upward E Â B drift velocity is to increase the electron density at 600 km; an upward E Â B drift moves plasma from the F region, where the electron density is high, to the topside ionosphere. The plasma fountain, a characteristic feature of the low-latitude ionosphere caused by upward E Â B drift (Stening, 1992) , gives rise to a decrease in the electron density at the equator and an increase at higher latitudes in the afternoon sector. The eects of the increase in E Â B drift velocity lasts until midnight, although in the calculations the increase is switched o at 18:00 LT. The model results suggest that for the drift to contribute to the annual anomaly, the upward E Â B drift velocity must be higher at the December solstice than at the June solstice.
Discussions and conclusions
The annual and seasonal variations of the topside ionosphere at low latitudes have been investigated using observations made by the Hinotori satellite. The observations show that the behaviours of both the annual and seasonal variations in the topside ionosphere are quite dierent to those in the F region. An outstanding feature in the topside ionosphere is that the annual anomaly is very large; the global average of the density at December solstice is about 100% higher than that at the June solstice compared with the 6% solar¯ux dierence due to the changes in Sun-Earth distance. The fact that the annual anomaly is small in the F region (Torr and Torr, 1973; Yonezawa, 1959 Yonezawa, , 1971 ) and large in the topside ionosphere suggests that the annual anomaly increases with altitude. Further support is provided by the fact that the annual anomaly predominates over the seasonal variations for TEC (Titheridge and Buonsanto, 1983) compared to the small annual component for NmF2.
Possible mechanisms for the observed annual and seasonal variations have been investigated by using values modelled by SUPIM. It has been found that while the seasonal variation is controlled by the neutral wind, the mechanism for the annual variation is rather complicated. Our model results suggest that an annual anomaly in the electron density occurs if the neutral gas densities and/or the atomic to molecular ratio is higher at the December solstice than at the June solstice. Values from the MSIS86 thermospheric model support this suggestion. However, if the values for the neutral gas densities given by MSIS86 are used in the model calculations then the dierences in the modelled electron densities at the two solstices are only about 30% of the observed values. It should be borne in mind that most of the data used to construct the MSIS86 model have been collected from altitudes below 500 km. Thus, the neutral gas densities predicted by MSIS86 at 600 km altitude are based mainly on measurements made at lower altitudes; the predicted values might be somewhat dierent to the actual values.
The neutral wind might also play a role in the annual anomaly. Our model results suggest that if the daytime poleward winds are stronger at the June solstice than at the December solstice then the wind could contribute to the annual anomaly in the electron density. This suggestion has credibility because the observed electron densities are lower at the June solstice than at the December solstice and lower electron densities should give rise to larger neutral winds due to ion drag; ion drag acts to reduce the neutral wind velocity and is proportional to the electron density. Anderson and Roble (1974) indicate through model calculations that the variations in ion drag, due to variations in electron density, give rise to large variations in the neutral zonal wind velocity. It is expected that ion drag also significantly aects the meridional neutral wind velocity, although the eect of ion drag on the meridional wind is smaller than that on the zonal wind at low latitudes because the ions move more freely along the ®eld lines than perpendicular to them. Also, changes in the zonal wind might change the neutral atmospheric circulation, which, in turn, would give rise to changes in the meridional wind.
The model results show that although a factor-of-2 increase in the daytime upward E Â B drift velocity does not give rise to large changes in the electron density during daytime, the increase in the drift does give rise to increases in the electron density during the post-sunset period. On the other hand, observations of E Â B drift velocity (Fejer et al., 1991 (Fejer et al., , 1995 show that the dierence in the average drift velocities of the two solstices The solid curves are the same as the short-dashed curves of Fig. 4 . The dashed and dot-dashed curves are from the calculations in which the daytime (08:00±18:00 LT) poleward neutral wind and the upward E Â B drift velocity are multiplied by the factor 2, respectively. Other model inputs are the same as for the previous sets of calculations during the morning to afternoon sector is much smaller than a factor of 2 and, in general, the upward drift velocity is larger at the June solstice than at the December solstice. The observed drift velocities also show an evening prereversal enhancement at the December solstice which is almost absent at the June solstice. Thus, the model calculations and the E Â B drift velocity observations lead us to suggest that the E Â B drift velocity might not contribute to, and might even slightly weaken, the annual anomaly in the morning to afternoon sector. However, our model results strongly suggest that the drift is responsible for the observed evening enhancement in electron density at the December solstice (see Fig. 2 ) that gives rise to the annual anomaly lasting to post-sunset period.
The model results discussed in the foregoing suggest that the interactions of thermosphere and ionosphere may strengthen the annual anomaly. To investigate the interactions of the ionosphere and thermosphere in a selfconsistent way, we have carried out model calculations using the Coupled Thermosphere Ionosphere Plasmasphere Model (CTIP, Millward et al., 1996b) . Model results from CTIP show that with the same inputs of solar EUV¯ux and E Â B drift for both June and December solstices the modelled average electron densities at 600 km are almost the same at the two solstices. Model calculations also show that a 6% increase in solar EUV uxes gives rise to an increase in electron density by less than 10%. These model results suggest that even if the interactions of the ionosphere and thermosphere are taken into account, dierences in the electron densities at the two solstices, caused by the 6% dierence in the EUV ux, should be much smaller than those seen in the observations. Thus, other energy sources, yet to be included in CTIP, may play an important role in creating large annual anomalies. It has been suggested (Torr and Torr, 1973 ) that the southern hemisphere may receive more energy than the northern hemisphere as a result of the asymmetry in the geomagnetic ®eld. Because thermospheric circulation transports the neutral gases from summer hemisphere to winter hemisphere, the asymmetry of the energy input with respect to equator might give rise to that more energy is transported to the equatorial regions from southern hemisphere at December solstice than that from northern hemisphere at June solstice. Another possible energy source for the ionospheric annual anomaly are the tides in the mesosphere. There is observational evidence that the tidal intensity at December solstice is higher than at June solstice (Barlier et al., 1974) . The energy of the tidal wave in the mesosphere can propagate upward to the thermosphere. Further observational evidence and modelling studies are required for understanding the relative importance of various energy sources on the ionospheric annual anomaly. Such work is beyond the objective of the present study.
